Polypeptide chain initiation factor eIF4GI undergoes caspasemediated degradation during apoptosis to give characteristic fragments. The most prominent of these has an estimated mass of approximately 76 kDa (Middle-Fragment of Apoptotic cleavage of eIF4G; M-FAG). Subcellular fractionation of the BJAB lymphoma cell line after induction of apoptosis indicates that M-FAG occurs in both ribosome-bound and soluble forms. Affinity chromatography on m 7 GTP-Sepharose shows that M-FAG retains the ability of eIF4GI to associate with both the mRNA cap-binding protein eIF4E and initiation factor eIF4A and that the ribosome-bound form of M-FAG is also present as a complex with eIF4E and eIF4A. These data suggest that the binding sites for eIF4E, eIF4A and eIF3 on eIF4GI are retained in the caspase-generated fragment. M-FAG is also a substrate for cleavage by the Foot-and-MouthDisease Virus-encoded L protease. These properties, together with the pattern of recognition by a panel of antibodies, define the origin of the apoptotic cleavage fragment. N-terminal sequencing of the products of caspase-3-mediated eIF4GI cleavage has identified the major cleavage sites. The pattern of eIF4GI degradation and the possible roles of the individual cleavage products in cells undergoing apoptosis are discussed. Cell Death and Differentiation (2000) 7, 628 ± 636.
Introduction
In eukaryotic cells the polypeptide chain initiation factor eIF4G plays an essential role in the mechanism of translation by acting as a molecular bridge between other components of the ribosomal initiation complex (reviewed in references 1 ± 3 ). Two forms of eIF4G, which are products of different genes, have been identified. 4 eIF4GI is a single polypeptide chain of at least 154 kDa; 5 recently extensions to the original Nterminal sequence of this protein have been described, 6 ± 8 and it is possible that the true N-terminus has not yet been identified. In vivo eIF4G exists partly in the form of a complex with the mRNA cap-binding protein eIF4E and the ATPdependent RNA helicase eIF4A, constituting the initiation factor eIF4F. 9 Within the sequence of eIF4GI 9 there are domains that interact with eIF4E, 10 eIF4A, 10, 11 , eIF3, 11 the poly(A) binding protein (PABP) 7,12±14 and the eIF4E kinase Mnk1. 15 Interaction of PABP with eIF4GI has been suggested to facilitate the functional association of the 3' end of an mRNA with the 5' end. 14 The association of eIF4G with eIF4E markedly enhances the binding of the latter to the mRNA cap 16 and is necessary to permit cap-dependent translation. It is also likely that the phosphorylation of eIF4E, which has been correlated with enhanced translational activity in cells treated with mitogens and growth factors, 17 ± 20 is facilitated by the binding of the eIF4E kinase Mnk1 to the C-terminal part of eIF4GI. 15 Over-expression of either eIF4G or eIF4E has been shown to transform cells to a tumorigenic phenotype, 21, 22 and abnormally high levels of both factors have been observed in several types of human tumours. 23 ± 25 There is a well-characterised loss of integrity of both eIF4GI (reviewed in reference 2 ) and eIF4GII 4, 26 in mammalian cells after infection with picornaviruses such as Polio or Foot-and-Mouth-Disease viruses (FMDV). This is a result of cleavage at specific internal sites by the virally-encoded 2A and L proteases, respectively. Since these cleavages occur in a region between the eIF4E and eIF3 binding sites 27 they destroy the bridging function of eIF4G and thus lead to the inhibition of cap-dependent initiation. 28 ± 32 The remaining C-terminal fragment of eIF4G can nevertheless still support initiation that is capindependent 28 or that involves ribosome binding to internal sites on mRNAs.
We have shown that eIF4GI is rapidly cleaved during the process of apoptosis (cell death) that can be induced by a variety of treatments in several cell lines. 34 ± 36 This effect is selective since several other initiation factors, including eIF4E and eIF4A, are relatively stable under these conditions. In cells undergoing apoptosis proteolysis of eIF4GI to produce characteristic cleavage fragments is mediated by one or more caspases, 34 and caspase-3 activity is both necessary and sufficient for this process. 36, 37 Protein synthesis is strongly inhibited in cells undergoing apoptosis and in some situations this inhibition, as well as the cleavage of eIF4GI, can be prevented by incubation with the cell-permeable caspase inhibitor, z-VAD.FMK. 34 ± 36 It is possible that the down-regulation of translation in apoptotic cells is due to the specific and complete cleavage of eIF4G. However the remaining protein synthetic activity (which amounts to some 35% of the control rate 35 ) may be maintained by the continued presence of one or more cleavage fragments that retain the ability to interact with other key initiation factors. If this is the case it is also likely that the properties of the cleavage fragments that appear during apoptosis are distinct from those of the fragments of eIF4G produced in cells during picornavirus infection, which do not support any capdependent initiation. 28 ± 32 To begin to test these hypotheses we have identified the sites of the caspase-mediated cleavages of eIF4GI that occur rapidly during cellular apoptosis and have characterised the properties of the major cleavage products (N-FAG, M-FAG and C-FAG) that persist in cells for several hours after fragmentation of the full-length factor. Our results indicate that the cleavages that occur and the nature of the fragments that result, are quite distinct from those seen in picornavirus-infected cells. The properties of the M-FAG fragment observed in apoptotic cells are compatible with the possibility that this protein can still support cap-dependent initiation but with a substantially impaired efficiency.
Results

Characterisation of the cleavage fragments of eIF4G in apoptotic cells
Treatment of the EBV-negative Burkitt's lymphoma BJAB cell line with agents such as anti-Fas (CD95) antibody, etoposide and cycloheximide induces apoptosis. In this system cycloheximide is the most potent and rapidly acting of the inducers examined, as revealed by FACS analysis of the extent of accumulation of cells with a less than G0/G1 DNA content ( Figure 1A) . We have reported previously that all of these treatments also result in the complete cleavage of eIF4GI into a series of characteristic fragments. 34 Figure 1B illustrates the time-course of eIF4GI cleavage in response to induction of apoptosis with cycloheximide, as visualised with a number of domain and sequence-specific antisera (W, RL, E; see Materials and Methods and Figure 3 ). In agreement with our previous data, 34, 35 antiserum generated against a large Cterminal fragment of eIF4G (W) showed that cycloheximide induced the cleavage of total cytoplasmic eIF4GI to yield the novel ca. 76 kDa fragment (M-FAG; Figure 1B , lanes 4 ± 6). Cleavage of eIF4GI correlated temporally with that of the classical apoptotic substrate, poly(ADP-ribose) polymerase (PARP; lanes 4 ± 6). M-FAG is actually a doublet, the levels of both components of which remain constant within cells for several hours after induction of apoptosis. In addition, with this antiserum we have observed the transient generation of smaller amounts of eIF4GI fragments of approximately 150 kDa (p150, see Figure 2A ) and 120 kDa (p120, faintly visible in Figure 1B and 2A) , which appear within 2 h of cycloheximide treatment. The N-terminal sequence-specific antiserum (RL) visualised a group of previously described cleavage products (eIF4GcpN), 36 which we designate N-FAG, and the C-terminal sequence-specific antiserum (E) recognised a novel fragment of approximately 50 kDa (C-FAG) ( Figure 1B) . The same pattern of cleavages was observed after treatment with other inducers of apoptosis (serum deprivation, anti-Fas antiserum and etoposide ± data not shown). Similar results were also seen using antisera specific to eIF4GII, although in this case a different pattern of cleavages occurred. 38 We also assessed the levels of several other initiation factors in the BJAB cells under the same conditions. Figure  1B shows that, in agreement with our previous results, 34 the levels and integrity of poly(A)-binding protein (PABP), eIF4A and total eIF4E were unaffected in apoptotic cells. However, use of antiserum which was specific for the phosphorylated form of eIF4E 39 indicated that the phosphorylation status of eIF4E decreased at later times following the induction of apoptosis ( Figure 1B , lanes 4 ± 6).
Association of the cleavage fragments of eIF4G with eIF4E and ribosomes Initiation factor eIF4E and associated proteins were isolated by m 7 GTP-Sepharose chromatography ( Figure 1C ). Immunoblotting of the m 7 GTP-Sepharose-purified proteins revealed that M-FAG (lanes 4 ± 6), p120 (lanes 4, 5) and eIF4A (lanes 4 ± 6) remained associated with eIF4E in cells in which essentially all of the eIF4GI had been cleaved. However, when protein recovered by m 7 GTP-Sepharose was visualised with antisera specific for N-FAG or C-FAG, these characteristic fragments were absent, indicating that neither of these products remains associated with eIF4E ( Figure 1C , lanes 4 ± 6). Consistent with this and the location of the site of interaction of PABP with eIF4GI in the N-terminal domain of the latter protein, 6 ,7 the level of PABP recovered using m 7 GTP-Sepharose chromatography was decreased following the induction of apoptosis (data not shown). These data suggest that M-FAG retains binding sites for eIF4E and eIF4A but has lost the N-terminal and C-terminal regions of eIF4GI.
A significant proportion of eIF4GI is bound to ribosomes in mammalian cells. 40 This is believed to be a consequence of the association of eIF4GI with eIF3 which is attached to native ribosomal subunits. 11 We have investigated whether the cleavage fragments of eIF4GI retain the ability to bind to ribosomes in apoptotic cells. Figure 2A shows that although some M-FAG was found in the post-ribosomal supernatant of apoptotic cells (lane 4), a substantial proportion of this fragment was retained by the ribosomes Figure 1 Induction of apoptosis in BJAB cells: Time-course of eIF4GI cleavage and analysis of the ability of the cleavage fragments to interact with eIF4E. (A) Determination of the extent of apoptosis by FACS analysis of DNA content. Cells were incubated without or with anti-Fas antibody (50 ng/ml) or etoposide (100 mg/ ml) for 24 h or with cycloheximide (100 mg/ml) for 12 h. They were then stained with propidium iodide and their DNA content determined by FACS analysis as described previously. 34 Regions of each profile corresponding to cells in the G0/G1 or S/G2 phases of the cell cycle and to apoptotic cells with a sub-G1 DNA content (labelled`A') are indicated. (B) Exponentially growing cells were treated with cycloheximide for the times shown and cytoplasmic extracts prepared as described in the Materials and Methods. Equal quantities of protein from each extract were subjected to SDS gel electrophoresis, followed by immunoblotting for eIF4GI (with antiserum W, RL, or E), eIF4A, eIF4E, the phosphorylated form of eIF4E and PARP, as indicated. Molecular mass markers and the locations of the group of N-terminal fragments (N-FAG), the middle fragment (M-FAG), and the C-terminal (C-FAG) fragment of eIF4GI (see Figure 3A ), together with a faintly stained transient intermediate (p120), are indicated. These data are from a single experiment but are representative of those obtained on five separate occasions.
(lane 6). Similarly, both the p150 and p120 fragments of eIF4GI were recovered with the ribosomal fraction (lane 6) whether apoptosis was induced with cycloheximide ( Figure  2A ) or etoposide (data not shown). Thus it is likely that these fragments also retain the domain that is required for the association of eIF4GI with eIF3 (and hence the ribosome) in vivo. To address whether these ribosomalbound fragments of eIF4GI further possess the ability to interact with eIF4E, we have isolated eIF4E and associated proteins from these fractions by m 7 GTP-Sepharose chromatography. Analysis by immunoblotting of total ( Figure 2B , lanes 1, 2), ribosome-free (lanes 3, 4) and ribosome-bound material (lanes 5, 6) showed the presence of some p150 (faint band in lane 6), p120 (lanes 2, 4, 6) and M-FAG fragments of eIF4G (lanes 2, 4, 6) associated with eIF4E in extracts from apoptotic cells.
Identification of the caspase-3 cleavage sites in eIF4G and comparison with picornavirus protease-mediated cleavage
We have compared the caspase-3-generated eIF4GI cleavage products with the fragments produced by the sitespecific L protease from FMDV ( Figure 2C ). Incubation of a reticulocyte lysate with L protease generated the characteristic cleavage fragment, Ct, which lacks the eIF4E binding site 28, 41 and is distinct from M-FAG (compare lane 3 with lane 1). Exposure to caspase-3 alone generated p120 and M-FAG (lane 2 versus lane 1) while incubation of reticulocyte lysate with L protease followed by caspase-3 led to the further cleavage of Ct to give an even smaller product (lane 4 versus lane 3). Thus Ct remains sensitive to caspase attack. Incubation of extracts from apoptotic cells with L protease in vitro showed that the viral enzyme degraded not only fulllength eIF4GI to produce the Ct fragment, but further processed the p120 and M-FAG fragments, resulting in loss of binding to eIF4E (data not shown). In addition, immunoblots using antiserum RL demonstrated that the N-terminal fragment of eIF4G released by poliovirus 2A protease cleavage between residues 642 and 643 (using the numbering system of Imataka et al.
7
) could also serve as a substrate for caspase-3 (data not shown). Together these data indicate that p120 and M-FAG can bind to both eIF4E and ribosomes and that the specific sites of L and 2A protease cleavage are distinct from those utilized by caspase-3.
Previously we have shown that caspase-3 is both necessary and sufficient for the cleavage of eIF4GI. 37 To determine the sites of cleavage of eIF4GI by this enzyme we have incubated purified, baculovirus-expressed FLAGeIF4GI with caspase-3 in vitro and analyzed the resulting fragments by immunoblotting with sequence-specific antisera followed by mass spectrometry and protein sequencing. Figure 3A shows a domain map of eIF4GI with the binding sites for eIF4E, eIF3, eIF4A and PABP, indicating the regions to which antisera were raised. These antisera were directed against large regions of the C-terminus (W) or the N-terminus (RL) of eIF4GI, as described in Materials and Methods, and against three peptide epitopes (B, H and Figure 2 The p150, p120 and M-FAG cleavage fragments of eIF4GI are associated with ribosomes and are distinct from those generated by L protease. (A) Cells were incubated in the absence (lanes 1, 3, 5) or presence (lanes 2, 4, 6) of 100 mg/ml cycloheximide for 4 h and cytoplasmic extracts prepared. Equal quantities of protein were either analysed directly (lanes 1 and 2), or used to prepare post-ribosomal supernatant (lanes 3 and 4) or ribosomes (lanes 5 and 6), as described in the Materials and Methods. Proteins were analyzed by SDS gel electrophoresis and immunoblotting with antiserum specific for eIF4GI (antiserum W). (B) Equal amounts of cell extracts (lanes 1 and 2) , post-ribosomal supernatants (lanes 3 and 4) or ribosomes (lanes 5 and 6) were subjected to affinity chromatography on m 7 GTP-Sepharose to purify eIF4E and associated proteins. Recovered protein was resolved by SDS gel electrophoresis and immunoblotted for eIF4GI using antiserum W. (C) Reticulocyte lysate was incubated in the absence (lane 1) or presence of caspase-3 (10 mg/ml) (lane 2) or L protease (0.3 mg/ml) (lanes 3 and 4) for 30 min at 308C, prior to the addition of buffer (lanes 1 ± 3) or caspase-3 (lane 4) for a further 30 min. Aliquots of lysate were analyzed by SDS gel electrophoresis and immunoblotting with antiserum specific for eIF4GI (antiserum W). In each panel molecular mass markers and the positions of the major cleavage fragments of eIF4GI are indicated. The diamond in (C) identifies a novel L protease-and caspase-3-generated fragment of eIF4GI. These data are from a single experiment but are representative of those obtained on three separate occasions Note that the low molecular mass bands in lanes 1 ± 4 which are recognised by antiserum RL are cross-reacting proteins which are distinct from the N-FAG fragments. (C) Aliquots of cell extracts containing equal amounts of total cytoplasmic protein, prepared as above, were subjected to affinity chromatography on m 7 GTP-Sepharose to purify eIF4E and associated proteins. Recovered protein was resolved by SDS gel electrophoresis and immunoblotted for eIF4GI and its cleavage fragments (using antisera RL and E), eIF4A, eIF4E and the phosphorylated form of eIF4E, as indicated. These data are from a single experiment but are representative of those obtained on five separate occasions E). In agreement with our previous findings, 37 cleavage of eIF4GI by caspase-3 in vitro generated fragments with the same mobility on SDS-gel electrophoresis as those observed in apoptotic (anti-Fas-stimulated) cells ( Figure  3B, compare lanes 2 and 4) . The immunoblots in Figure 3B  (lanes 5 ± 14) show that all the antisera recognised intact eIF4GI in control and caspase-3-treated preparations of FLAG-eIF4GI. The M-FAG doublet that appeared after incubation with caspase-3 was decorated only by antisera W (lane 6) and H (lane 8). Neither component of the doublet reacted with antiserum E (lane 10), antiserum RL (lane 12) or antiserum B (lane 14). The p150 fragment was recognised by antisera W (Figures 2 and 3B, lane 6) , H ( Figure 3B, lane 8) , RL ( Figure 3B, lane 12) and weakly by Figure 3 Localization of the caspase-3 cleavage sites of eIF4GI by immunoblotting. (A) A diagrammatic representation of the major structural domains of eIF4GI is shown, indicating the sites of interaction with PABP, eIF4E, eIF3 and eIF4A, the L protease cleavage site and regions of sequence used to generate specific antisera (see Materials and Methods). In addition, the two major caspase-3 cleavage sites, which lead to the generation of N-FAG, M-FAG and C-FAG are indicated (see text for details). (B) BJAB cells were incubated in the absence (lane 1) or presence (lane 2) of anti-Fas antiserum (500 ng/ml) for 4 h. Extracts were prepared and resolved by electrophoresis on 7.5% SDS gels. The gels were then immunoblotted with antiserum specific for eIF4GI (antiserum W). Purified FLAG-eIF4GI was incubated in the absence (lanes 3, 5, 7, 9, 11 and 13) or presence (lanes 4, 6, 8, 10, 12 and 14) of recombinant caspase-3 as described in the Materials and Methods. eIF4GI and its cleavage fragments were resolved by gel electrophoresis on 7.5% gels and identified by immunoblotting using the following domainspecific and sequence-specific antisera: lanes 3 ± 6; W; lanes 7 and 8; H; lanes 9 and 10; E; lanes 11 and 12; RL; lanes 13 and 14; B. (C) Purified FLAG-eIF4GI was incubated in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of recombinant caspase-3 as described in (B). eIF4GI and its cleavage fragments were then resolved by electrophoresis on 12.5% SDS gels and visualised by immunoblotting using antiserum E (lanes 1 and 2) or W (lanes 3 and 4). Molecular mass markers and the positions of the major cleavage fragments of eIF4GI are indicated. Note that the low molecular mass band stained with antiserum E in lane 1 of (C) is a cross-reacting species which is distinct from C-FAG. These data are from a single experiment but are representative of those obtained on four separate occasions
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Caspase cleavage fragments of eIF4GI M Bushell et al antiserum B ( Figure 3B, lane 14) . In addition, the antisera RL ( Figure 3B , lane 12) and B ( Figure 3B , lane 14) recognised a group of bands (N-FAG; see Figure 1 ) which correspond to the N-terminal fragment of eIF4GI (eIF4GcpN). 36 These results, and those presented in Figures 1 and 2 , are consistent with the conclusion that the M-FAG fragment arises from cleavage of eIF4GI at two sites and retains the eIF4E and eIF3 binding sites ( Figure  3A) . The p120 and p150 fragments represent products from a single caspase-3 cleavage event in the N-terminal and Cterminal halves of eIF4GI, respectively, and are thus alternative intermediates in the generation of M-FAG (see Figure 1) .
To determine precisely the cleavage sites in eIF4GI we have subjected the M-FAG cleavage fragment to N-terminal microsequencing. Purified FLAG-eIF4GI was cleaved in vitro with caspase-3, subjected to SDS gel electrophoresis and blotted on to PVDF membrane prior to protein sequencing of the M-FAG fragment. The sequence obtained, AFKEANPA(D)VPE (where the brackets indicate ambiguity in the residues identified), corresponds to a region in the deduced amino acid sequence of human eIF4GI, comprising amino acids 493 ± 503 (based on the numbering system employed by Imataka et al.;
7 accession number AF104913). This indicates that caspase-3 cleavage had occurred on the C-terminal side of the sequence DLLD, between residues 492 and 493. To identify the cleavage site at the C-terminus of eIF4GI, fragments were resolved on a higher percentage acrylamide gel and C-FAG was identified with antisera E ( Figure 3C , lane 2) and W ( Figure  3C, lane 4) . Additionally, C-FAG derived from caspase-3 cleavage of native eIF4GI in eIF4F preparations was gel purified. Subsequent protein microsequencing, together with analysis by mass spectrometry (data not shown), gave the sequence R(M)AR(G)TPATKRS. This establishes the second major caspase-3 cleavage site as being on the C-terminal side of the sequence DRLD, between residues 1136 and 1137. The calculated M r of the sequence that lies between amino acids 493 and 1136 of eIFGI is 72244. This agrees well with the estimated M r of 76 kDa for M-FAG, which was obtained by comparison with the migration of molecular mass markers on SDS gel electrophoresis.
Discussion
The work described here sheds further light on the nature of the changes undergone by initiation factor eIF4GI during apoptosis. 42 We have previously shown that cells maintain a residual rate of protein synthesis for up to 2 days following induction of apoptosis in response to serum deprivation, treatment with anti-Fas antibody or exposure to etoposide. 34, 35 The data indicate that, although full-length eIF4GI is rapidly lost from apoptosing cells, three relatively longlasting cleavage fragments are generated, one of which (M-FAG) retains the ability to interact with other key initiation factors. Our results suggest that M-FAG may continue to permit some cap-dependent translation (albeit perhaps inefficiently) since it still interacts with eIF4E, eIF4A and ribosomes. Both the structure and the functional properties of the cleavage fragments of eIF4GI that appear during apoptosis are distinct from those of the fragments produced in cells during picornavirus infection. 28 ± 32 Using a panel of eIF4GI-specific antibodies (Figure 3) , together with direct N-terminal protein sequencing and mass spectrometry analysis (data not shown), we have established that the M-FAG fragment is generated from caspase-mediated cleavages between amino acids 492 and 493 at the N-terminus and amino acids 1136 and 1137 at the C-terminus. The sites of proteolysis lie immediately downstream of the sequences DLLD and DRLD respectively and are consistent with the known site preferences of caspase-3 for DXXD motifs. 43 It is possible that some cleavage also occurs after the sequence DRGD (residues 1120/1121 or 1133/1134), giving rise to the doublet pattern of M-FAG observed on blots (Figures 1 ± 3) . However there are other DXXD sequences in eIFGI which do not appear to be targeted by caspase-3, perhaps because they are inaccessible to the enzyme.
The ability of M-FAG to bind to eIF4E and ribosomes is consistent with the identified cleavage sites since the domains that interact with eIF4E, eIF4A and eIF3 remain in this fragment (Figure 3 ). Although one eIF4A binding site in the C-terminal part of eIF4G is absent from M-FAG (Figure 3) , eIF4A is still present in the m 7 GTP-Sepharosepurified fraction from apoptotic cells ( Figure 1C) , probably because it can also bind to the central region of eIF4GI. 44 In contrast, M-FAG is predicted not to bind to PABP since the latter interacts with the N-terminus of eIF4GI. 6, 7 We have shown previously that the PABP which is present in an m 7 GTP-Sepharose-purified fraction from control Jurkat cells is in fact selectively lost from this fraction after induction of apoptosis. 34 Nevertheless, in the present study, a small amount of PABP remained associated with eIF4E in apoptotic BJAB cells at a time when eIF4G was cleaved completely, suggesting that PABP may also interact with another eIF4E-associated factor.
Taken together these data suggest that a new form of eIF4F, containing eIF4E and eIF4A but with M-FAG in place of full-length eIF4GI, is associated with the ribosomes in apoptotic cells (Figure 4 ). This novel complex appears at about the time that the rate of translation is decreased. 34, 35 Unlike the situation in picornavirus-infected cells, where viral protease-mediated cleavage of eIF4G separates the domain that interacts with eIF4E from other functional regions of the protein, 11, 27, 28, 41 the modified form of eIF4F that arises in apoptotic cells may still be able to support at least some cap-dependent initiation. Imataka and Sonenberg 44 have shown that both binding sites for eIF4A may be required for stimulating translation and it is possible therefore that the M-FAG-containing eIF4F may be less efficient in mRNA unwinding activity. Nevertheless, two reports 45, 46 have recently shown that a central core domain of eIF4G can still act in the recruitment of ribosomes to mRNA, in the absence of the C-terminal eIF4A binding site.
The M-FAG-containing form of eIF4F is also likely to be deficient in PABP-dependent re-initiation activity since the ability to cause circularisation of mRNA as a result of simultaneous interaction of PABP with poly(A) (at the 3' end) and of eIF4E with the cap structure (at the 5' end) 7, 12, 14 will be reduced (see Figure 4) . Furthermore, we have observed that the phosphorylation state of eIF4E also decreases in BJAB cells following the induction of apoptosis (Figure 1 ). This may be an additional consequence of eIF4G cleavage in that the ability of the eIF4E kinase, Mnk1, to phosphorylate its substrate is likely to be compromised as a result of the loss of the proximity of Mnk1 to eIF4E mediated by eIF4G bridging. 15 As discussed elsewhere, 42 these several changes in the properties of eIF4G could constitute the basis for the decrease in the rate of overall protein synthesis observed in apoptotic cells. 34 ± 36 Another possibility is that one or more of the eIF4G cleavage fragments that accumulate in apoptotic cells may have a dominant-negative effect with respect to the functions of the intact factor. Since PABP binds to the Nterminus of eIF4GI 7 the N-FAG fragment may impair the process of poly(A)-dependent initiation, or its regulation, by sequestering PABP (Figure 4 ). C-FAG may similarly interfere with eIF4E phosphorylation by binding Mnk1. A fragment of a gene that encodes a mammalian homologue of the C-terminal part of eIF4GI, variously called p97, DAP-5 or NAT1, 47 ± 49 has been reported to protect HeLa cells against interferon-g-induced apoptosis. Whereas p97/DAP-5/NAT1 is distinct from M-FAG in that the former lacks the eIF4E binding site, both M-FAG and C-FAG have some sequence similarities to p97/DAP-5/NAT1 and one or both may exert similar functions. 42 Further work is underway to determine the functions of N-FAG, M-FAG and C-FAG in the regulation of translation, to characterise the M-FAGcontaining eIF4F complex and to address the possible role of this complex in mediating cap-dependent and/or -independent translation in apoptotic cells.
Materials and Methods
Materials
Tissue culture materials were purchased from Life Technologies; cycloheximide was obtained from Sigma-Aldrich; purified caspase-3 was purchased from Autogen Bioclear (UK); agonistic anti-Fas antibody (clone CH-11) was provided by Upstate Biotechnology; antiserum specific to poly(ADP-ribose) polymerase (PARP) was from Boehringer Mannheim.
Cell culture and induction of apoptosis
The EBV-negative Burkitt's lymphoma cell line BJAB was cultured as described by Clemens et al. 34 Apoptosis was induced in BJAB cells by exposure to cycloheximide (100 mg/ml), anti-Fas antibody (500 ng/ml) or etoposide (100 mg/ml) for the times indicated in the individual Figure  legends . The extent of apoptosis was monitored by the proportion of cells with less than a G0/G1 content of DNA, as determined by FACS analysis, and by the cleavage of PARP. 34 
Preparation and analysis of cell extracts
Cytoplasmic extracts of cells were prepared as described previously. 34 Initiation factor eIF4E and associated proteins were isolated by affinity chromatography on m 7 GTP-Sepharose. 17, 35, 50, 51 Samples were subjected to electrophoresis on SDS polyacrylamide gels and the proteins transferred to PVDF membranes (Millipore) using a semi-dry blotting apparatus (Hoefer). Equal amounts of total protein or fractions purified on m 7 GTP-Sepharose from equal amounts of cell extract were loaded on the gels. Ribosomal and post-ribosomal fractions of extracts from control and apoptotic cells were prepared as described previously. 40 
Antisera
Antibodies to eIF4E, eIF4A and the C-terminal region of eIF4GI 33 (amino acids 1079 ± 1560 using the numbering system of Imataka et al. 7 (antiserum W)) were as described previously. 34, 35, 41 Additional antisera specific for eIF4GI were developed in rabbits using the following peptides: KKEAVGDLLDAFKEVN (amino acids 483 ± 498) (antiserum B); KKQKEMDEAATAEERERLKEELEEAR (amino acids 824 ± 849) (antiserum H); RTPATKRTFSKEVEERSRERPSQPEGLR (amino acids 1139 ± 1166) (antiserum E). Antiserum specific to the Nterminus of eIF4GI (antiserum RL) was described previously. 36, 52 Immunoblots were developed and quantified as in earlier studies. 34, 35 Preparation of recombinant proteins 1610 6 plaques from a HeLa cell cDNA expression library (Stratagene) were screened by hybridization with a BglII DNA fragment (labelled by random priming) spanning the first 700 nucleotides of plasmid p4/16. 6 Positive clones were recovered and were further analyzed by PCR with primers specific for the eIF4GI gene and the bacteriophage T3 promoter. PCR fragments were purified on Quiaquick (QIAGEN) columns and sequenced. Two clones (8/1 and 2/1) containing the longest 5' end inserts were isolated by three successive rounds of plating and screening by PCR. Plasmids were then rescued from lambda phage infected cells by in vivo excision using the ExAssist/ SOLR system (Stratagene). Analysis of the 3' end sequences showed that they encoded eIF4GI (up to nucleotides 1135 for 2/1 and 1556 for 8/1). Although the 5' sequences overlapped with the p4/16 insert, 6 the 8/1 (accession number AF002815) and 2/1 (accession number AF002816) clones were distinct at their 5' ends. The reading frames deduced from these sequences were in frame with the published eIF4GI amino acid sequence and with the p4/16 open reading frame, but they were each different at their N termini and lacked an identifiable 5' non-coding sequence. The DNA sequence was confirmed twice for each clone by sequencing both strands.
To express eIF4GI in baculovirus the multiple cloning site of the baculovirus transfer vector pBackPac (Clontech) was modified by insertion of two annealed oligonucleotides: (gatccACCATGGACTA-CAAGGACGACGATGACAAGCCCGGGATACGAATTCGAC and tcgaGTCGAATTCGTATCCCGGGCTTGTCATCGTCGTCCTTGTAGTCCATGGTg) between the BamHI and XhoI sites. The resulting plasmid (pBac-pak His2) contained the FLAG epitope sequence followed by XmaI and EcoRI sites. The 5' terminal XmaI ± EcoRI fragment of p8/1, followed by the EcoRI insert of plasmid pHFC1, 5 were successively subcloned in pBac-pak His2. The entire eIF4GI sequence fused to the FLAG epitope was purified after complete digestion with XhoI and partial digestion with BamHI and then subcloned into a second baculovirus shuttle vector, pFASTbac (Life Technologies). The pFASTbac-FLAG-eIF4GI was then introduced into the E. coli strain (DH10bac) containing the Bacmid and recombinant baculovirus was obtained following the manufacturer's instructions (Life Technologies). FLAG-eIF4GI was purified from Sf9 insect cells infected for 72 h with the recombinant baculovirus. Cells were harvested and resuspended in 5 ml per 100 ml culture of lysis buffer (50 mM MOPS, pH 7.2, 100 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1 mM phenylmethylsulphonyl fluoride and 1 mM benzamidine), lysed by addition of IGEPAL (Sigma) to 1% (by volume) and clarified by centrifugation at 15 0006g for 20 min at 48C. The supernatant was applied to anti-FLAG-M2 affinity gel (Anachem, UK), washed in Buffer A (20 mM MOPS, pH 7.2, 50 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1 mM phenylmethylsulphonyl fluoride and 1 mM benzamidine) and stored at 7808C in aliquots. Recombinant Foot-and-Mouth-Disease Virus L protease was prepared as described previously. 28, 40, 41 Determination of cleavage sites in eIF4GI FLAG-eIF4GI (in Buffer A) was incubated with recombinant caspase-3 (10 mg/ml) for 30 min at 378C, as described in the Figure legends. Samples were resolved by SDS ± PAGE and proteins transferred to PVDF. Following identification of the cleavage fragments in adjacent tracks by immunoblotting, bands were excised and subjected to mass spectrometry and N-terminal sequencing using in-house facilities at the University of Sussex and the University of Oklahoma Health Sciences Center.
